The question of whether confining effects are visible in correlation functions is a long-standing one. Complementing investigations on the propagators of fundamental and adjoint scalar matter particles here the quenched scalar-gluon vertex is investigated. For this purpose a multitude of lattice setups in two, three, and four dimensions is analyzed in quenched SU(2) lattice gauge theory. Though both cases are quantitatively different, neither a qualitative difference nor any singularities are observed.
Introduction
It is a long-standing question, whether any effects of confinement manifest themselves in correlation functions involving a finite number of fields. In particular, whether the differences between fundamental matter, associated with the Wilson confinement criterion, and adjoint matter, which is always affected by string-breaking, should be visible [1] . At various times, this has been associated with anything from non-trivial analytic structures to various types of singularities, both of propagators and vertices, see [2] [3] [4] [5] [6] [7] [8] [9] for reviews.
Particularly interesting in this respect are quenched SU(N ) gauge theories, where fundamental and adjoint matter manifestly differ. To disentangle confining effects from those of chiral symmetry it is furthermore useful to switch to scalar matter, as it is not expected that this will change this question.
At the level of the propagators, this has been studied in [10] [11] [12] [13] [14] [15] [16] [17] [18] . No qualitative distinction between the fundamental and the adjoint case have been found, though quantitatively both differ substantially. However, in both cases dynamical mass, or at least scale, generation was observed, which is often associated with a gaping of the degrees of freedom. Finally, both cases showed substantial indications for violations of positivity, which at least guarantees their absence as physical degrees of freedom. Unfortunately, also no indication of singularities or other obvious qualitatively remarkable features were observed, which could be associated to a confining force, however it is defined.
On the other hand, it has been argued that confinement may be an interaction effect, e. g. due to singularities in the vertex interaction, and not manifest in the propagators themselves [10, [19] [20] [21] [22] . This motivates the present study, where the quenched scalar-gluon vertex for SU(2) will be studied in two, three, and four dimensions. The advantage, in comparison to the quark-gluon vertex [9, 20, 21, [23] [24] [25] , is that there is only a single form factor involved, and again chiral symmetry is not an issue. Studying lower dimensions, besides allowing to reach much deeper into the infrared, allows to compare to cases were geometric Wilson confinement already in QED arises, and where no dynamics occur in the gauge sector. This allows to systematically switch on and off various contributions.
The technical setup of the employed lattice calculations will be discussed in section 2 and appendix A. It follows closely [17, 18, 26] , utilizing that the scalar-gluon vertex is quite similar to the comparatively well-studied ghostgluon vertex [26] [27] [28] [29] [30] [31] [32] . Renormalization is discussed in section 3. In this context also the discretization artifacts need to be discussed in more detail, as they are, quite similarly to the propagator case [17, 18] , much stronger for the adjoint case than for the fundamental case.
The results are finally presented in section 4. Unfortunately, as will be emphasized in the concluding section 5, no qualitative distinction is found for the fundamental and the adjoint case. Though quantitatively both cases are quite distinct, with the larger modifications compared to the tree-level case for the adjoint scalar. This is just as for the propagators [17, 18] . Also, no singular behavior is found for any of the momentum configurations studied here.
Some preliminary results were available in [33] , and are superseded by the present work.
Technical setup
The calculations follow closely the one for the ghost-gluon vertex in [26] , as both vertices are very similar in technical respect. The quenched gaugefixed configurations are obtained as described in [26] , i. e. using the Wilson gauge action and creating decorrelated configurations using a mix of heatbath and overrelaxation sweeps. The decorrelated configurations are then gauge-fixed to minimal Landau gauge using an adaptive stochastic overrelaxation method. A full list of the lattice settings and number of configurations can be found in table 1 in appendix A.
The scalar-gluon vertex has, just like the ghost-gluon vertex, only a single transverse form factor for SU (2) . Any longitudinal form factor is inaccessible on the lattice, because only non-amputated correlation functions can be determined. Following [15, 26, 29] , the corresponding form-factor is extracted by
where Γ tl is the lattice tree-level vertex [15] 
where P and Q are the integer-valued lattice momenta and N is the extension of the lattice. The gluon propagator D µν and corresponding respective scalar fundamental and adjoint propagators D appear to amputate the correlation function to end up with the final unrenormalized vertex form factor G u . The appearing inverse covariant Laplacian ∆ in (1) arises from integrating out the scalar field in the quenched case. Just as in [17, 18] , the simplest lattice discretizations [34] 
Laplacians are used. Their inversion is performed, as for the propagators [17, 18, 35] , using a conjugate gradient algorithm with explicit exclusion of the zero momentum case. At any rate, both zero and maximal lattice momenta yield a vanishing denominator in (1) , and are thus inaccessible in the present calculation. The parameter m 0 provides the tree-level mass of the scalars in lattice units. Here, the cases m = m 0 /a = 0, 0.1, 1, and 10 GeV are investigated.
The form factor is a function of three momenta, G u (p 2 , q 2 , k 2 ), where p 2 is the gluon momentum, q 2 is the first scalar momentum, and k 2 the second one. For the fundamental case it is the one of the anti-scalar. Following the setup for other vertices from [26] , three different momentum configurations are investigated: The soft gluon or back-to-back case p 2 = 0 with q 2 = k 2 , the equal or symmetric case p 2 = q 2 = k 2 , and the orthogonal case p 2 = q 2 and pq = 0 implying k 2 = (p + q) 2 = p 2 + q 2 . These are implemented for the integer lattice momenta, which implies that for the symmetric case the three momenta cannot be arranged within two dimensions, and therefore this configuration is impossible in two dimensions. All results will be given in terms of the physical momenta rather than lattice momenta.
Note that an inversion is necessary for every scalar momentum, and thus for these momentum configurations in total 2N for each field configuration. The computation time for the inversions scales at least like N 5 , and thus the total computation time at least like 2N 6 . In addition, quite precise data is needed to see the systematic trends, and thus a substantial amount of statistics. This gives as a lower bound to the computation time of 2 × 10 3 N 6 in units of the time necessary for the smallest possible lattice, substantially limiting the accessible lattice volumes.
Renormalization
Just like the other three-point vertices in Landau gauge the scalar-gluon vertex does renormalize trivially, though a finite renormalization is possible. It is important to note that this statement applies to the form-factor. Thus, even though the scalar propagator renormalizes non-trivially in (1) the unrenormalized scalar propagators needs to be used to remove the external propagators from the full correlation function. Thus, at most a multiplicative renormalization of G u is necessary, at least perturbatively. Just like for the propagators [17, 18] , it is found that the perturbative renormalization is sufficient also non-perturbatively. In addition, lattice spacing effects, vanishing for a to zero, can affect the form factor. If these are momentumindependent, they can also be counteracted by renormalization.
Thus, a multiplicative renormalization condition is applied to the form factor
with µ = 1.5 GeV, Z G the corresponding renormalization constant, and G the renormalized form factor. This choice allows the same condition in two, three, and four dimensions, and for all lattice spacings equally. Using the more conventional symmetric configuration would have required a different treatment in two dimensions. Using alternatively the back-to-back momentum configuration was not done because of possible infrared singularities [10] , though none were ultimately encountered. The relatively low value of µ was chosen to have even on the coarsest lattice still the same renormalization point and being not too close to the largest momenta. The actual value of Z G was obtained by linear interpolation between the two momenta closest to µ, and the error in its determination propagated to the renormalized form factor.
In the fundamental case, the value of Z G is always, within about 2σ statistical error, independent of the lattice spacing, and within a few percent of Z G = 1. Though some systematic trend seems to be present, this would require probably one to two orders of magnitude more configurations to clarify by obtaining Z G at the per mille level. For the present purpose, Z G can thus be assumed to be essentially independent of the lattice spacing, though the results shown in section 4 will still be renormalized according to (4) .
The situation is different in the adjoint case. This is because the vertex is stronger affected by momentum-dependent discretization artifacts than in the fundamental case, just as for the propagator [18] . These discretization artifacts mix in with the renormalization. This behavior is exemplified in figure 1 , where the vertex is shown for different discretizations at fixed volume alongside Z G for m = 0.1 GeV. In two and three dimensions it is seen how in the ultraviolet the results start to agree above roughly a −1 = 1.75 GeV. The differences in the infrared stay even above this discretization in three dimensions, and even at a −1 = 2.4 GeV no convergence is visible. The situation is even worse in four dimensions, where even for a −1 > 2.7 GeV no convergence is seen in the ultraviolet. Instead, there appears now to be convergence in the infrared. Still, the effect should not be overstated, as it does affect the results substantially, but rather at the ten percent level. Nonetheless, this gives reason enough to study the adjoint vertex below at fixed discretizations, and not just compare different volumes at the finest available discretizations, as is possible in the fundamental case.
Results
One result, which is almost independent of dimensionality and representation, is that the vertex for a tree-level mass of m = 10 GeV is compatible within errors with one, i. e. it remains tree-level-like within errors. The only exception is the four-dimensional adjoint case. There, a slight modification of a few percent is visible, barely above the statistical precision. This behavior is a strongly attenuated version of what is seen in the 1 GeV case, a slight increase at large momenta. Furthermore, the results for the vertices for tree-level masses m = 0 GeV and m = 0.1 GeV are, within statistical errors, identical. Thus, in the following only results for tree-level masses m = 0 GeV and m = 1 GeV will be shown explicitly.
Fundamental case
The results for the fundamental scalar-gluon vertex are shown in figures 2-6. All of them show a qualitatively very similar behavior, interpolating between two (slightly) different values at low momentum and high momentum. The transition between both values occurs in the range between a few hundred The discretization dependence of the vertex in the back-to-back configuration at fixed volume (left panels) and Z G (right panels) for m = 0.1 GeV in two (top panels), three (middle panels), and four (bottom panels) dimension.
MeV and 2 GeV. This also occurs at zero gluon momentum, indicating that the scalar momentum is the relevant quantity.
The ratio of the ultraviolet to the infrared constant depends on the mass, and is larger the smaller the mass. However, with increasing dimensionality the ratio becomes less and less dependent on the mass, until in four dimensions the results at m = 0 GeV and m = 1 GeV cannot be distinguished by the naked eye, and are, in fact, smaller than the statistical error.
The at first sight different behavior between zero gluon momentum and non-zero gluon momentum, especially the apparent correlation of the form factor at zero gluon momentum, has a simple explanation. The scalar field is quenched, and the inversion of the Laplacian occurs for all momenta on the same field configurations. At zero gluon momentum this is leads to highly correlated results at different momentum, because there always the same Fourier mode of the gluon field enters, and thus only the ordinary Laplacian in (2) changes from momentum to momentum. This is not the case for any other momentum configuration, as there always different Fourier modes of the gluon fields enter, leading to less correlated results. As a consequence, this leads to the apparent shifts in the back-to-back configuration. Because the fluctuations are correlated, any fluctuation above or below the renormalized value will be the same for all momenta. Thus, the non-zero gluon momentum cases give a much better idea of the actual scattering of the data around the true form factor, especially as the renormalization is performed according to (4) . If the renormalization would have been performed at zero gluon momentum, no correlated shifts would be present. Note that this also applies to the adjoint case in section 4.2.
These results are consistent with the dynamical case, where in the QCDlike case an essentially constant gluon-scalar form factor is found [15] . However, the statistical errors in [15] were too large to detect the slight drop when going form the ultraviolet to the infrared. Still, this indicates that unquenching effects are likely small for this vertex. Note that also in the Brout-Englert-Higgs region of this theory the scalar-gluon vertex is not substantially modified to the present quenched case [15] .
Thus, in total the fundamental scalar-gluon vertex does not show any significant deviation from the tree-level behavior. In fact, it is even less affected than the ghost-gluon vertex, which showed hitherto the smallest deviations from tree-level [26] [27] [28] [29] [30] [31] .
Adjoint case
As noted already in section 3, the adjoint vertex is, as the adjoint propagator [18] , much stronger affected by discretization artifacts. To better assess them, the vertex is shown at various fixed discretization for two, three, and four dimensions in figures 7-9, respectively. For this purpose, the situation at m = 0 is considered exclusively, as its largest deviation from tree-level enhances all effects most. Likewise, the angular dependence of the discretization artifacts are small, and thus it is sufficient to look at two particular momentum settings.
The results in two dimensions in figure 7 show very little volume dependence at fixed discretization. Generically, there is a transition between two constant regimes between about 300 MeV to about 3 GeV. This is a relatively slow transition. The appearance of the high-momentum constant behavior is only clearly visible when correspondingly large momenta above 3 GeV can be reached. The drop towards the infrared depends on the discretization, getting slightly smaller on finer lattices, but amounts to at most about 40%. Thus, by and large, the scalar-gluon vertex is only weakly deviating from tree-level, but still substantially more so than the fundamental one.
The situation in three dimensions, shown in figure 8 , is quite similar. There is no pronounced volume-dependence at fixed discretization. However, because only a smaller separation of scales can be achieved in the more expensive three-dimensional setting the reaching of the ultraviolet plateau becomes only visible at the finest discretization in the symmetric momentum regime. The drop between both plateaus is slightly large than in two dimensions, about 50%, and the ultraviolet plateau seems to form only around 4 GeV, but the infrared one already at 400 MeV.
The picture repeats itself in four dimensions, shown in figure 9 , without Adjoint scalar-gluon vertex, orthogonal equal at a Figure 7 : The adjoint scalar-gluon vertex in two dimensions for m = 0 GeV and fixed discretization of a −1 ≈ 0.9 GeV (top panels) a −1 ≈ 1.5 GeV (middle panels) and a −1 ≈ 3.5 GeV (bottom panels) for the back-to-back (left panels) and orthogonal equal (right panels) momentum configurations. a strong volume dependence at fixed discretization. The ultraviolet plateau is once more reached later, now at about 5 GeV, and the infrared at about 500 MeV. However, because again the maximal scale separation is smaller, Adjoint scalar-gluon vertex, symmetric at a Figure 8 : The adjoint scalar-gluon vertex in three dimensions for m = 0 GeV and fixed discretization of a −1 ≈ 0.9 GeV (top panels) a −1 ≈ 1.5 GeV (middle panels) and a −1 ≈ 2.5 GeV (bottom panels) for the back-to-back (left panels) and symmetric (right panels) momentum configurations. this now only indicates itself. The drop itself is of the same order as in three dimensions.
In total, volume effects therefore tend to increase the infrared value Adjoint scalar-gluon vertex, symmetric at a Figure 9 : The adjoint scalar-gluon vertex in four dimensions for m = 0 GeV and fixed discretization of a −1 ≈ 0.9 GeV (top panels), a −1 ≈ 1.5 GeV (middle panels) and a −1 ≈ 2.0 GeV (bottom panels) for the back-to-back (left panels) and symmetric (right panels) momentum configurations.
slightly, while discretization leads to a flattening at large momenta. The transition region between the asymptotic regimes is about one order of magnitude in momentum. The transition starts at the same typical scale already observed for the properties of the propagators, a few hundred MeV [17, 18] . Note that the actual infrared value itself is not significant. By altering the renormalization prescription it would have been possible to fix the infrared value for all lattice setups to the same value, e. g. one. Then all effects would have become ultraviolet effects in the form of a flattening towards an asymptotic value from above at finer and finer discretization, with virtually no volume dependence.
Keeping this in mind, figures 10-12 shows the adjoint form factor for all momentum configurations at the finest discretizations for all volumes, but now for m = 1 GeV to study also the mass dependence.
The two-dimensional case in figure 10 shows the general behavior quite nicely. The form factor gets squeezed with decreasing lattice spacing, keeping its value at the largest momenta, more or less, and increases the infrared plateau. Studying the full momentum dependence shows that the transition is driven essentially by the scalar momentum, while the result is relatively independent of the gluon momentum. In comparison to the zero mass case in figure 7 the drop gets smaller, which is mainly pushed into the infrared as a consequence of the renormalization condition. As noted above, this continues for increasing mass, until for the 10 GeV case the form factor is essentially flat. Thus, the mass dependence is merely that the lighter the mass the larger the drop, though the drop remains limited. There is no visible sign of any singular behavior, neither at the actual momenta measured nor as tendency towards the thermodynamic limit.
The situation is quite similar in three dimensions, shown in figure 11 . Interestingly, the lattice artifacts are stronger for the orthogonal configuration than for the symmetric configuration, even at finite gluon momentum. Still, the qualitative behavior is as in two dimensions. At sufficiently fine discretization there is again a drop, which is slightly smaller than in the zero-mass case. Also, the scalar momentum seems to be the driver of this behavior, as it appears in the orthogonal configuration quite independently of the gluon momentum.
Unsurprisingly, the same pattern emerges in four dimensions as in lower dimensions, as shown in figure 12 , just with a little bit different scales.
Conclusions
The presented investigation of the vertices shows, as for the propagators [17, 18] , unfortunately no obvious sign of how confinement in the Wilson sense acts differently on the fundamental and adjoint charges. In fact, the form factors do not show any substantial deviations from the tree-level at all, similarly to the ghost-gluon vertex [9, [26] [27] [28] [29] [30] [31] [32] , but very different from the three-gluon vertex [9, 24, 27, 28, 36, 37] . The results are also substantially different from those of the quark-gluon vertex, where stronger deviations from the tree-level case is seen [9, 20, 21, [23] [24] [25] 38] . This suggests the speculation that the deviations of the quark-gluon vertex from tree-level are more related to chiral symmetry breaking than confinement.
Considering the form factor as an entity independent of this question, it shows, however, a behavior quite different from what one would expect for a physical particle [39] . First, for a physical, charged particle it is expected that when probed by a current coupling to this charge it has an increasing form factor, not a decreasing one as the one seen here. This is also a characteristic feature shown by many other gauge-dependent particles [3, 40] , especially gluons. Another feature is that the derivative of the form factor at zero momentum can be interpreted as a radius [39] . For the scalar-gluon vertex here the intercept is essentially constant. This would make the scalars indeed point-like, a feature which is also observed in the unquenched case [15] . This is very different from gluons, which seem to have a dramatically large (imaginary) radius [3, 9, 24, 27, 28, 36, 37] , but very similar to ghosts [3, 9, [26] [27] [28] [29] [30] [31] [32] .
Thus, the picture which emerges is that scalar particles are essentially point-like objects embedded into a background of extended gluons. Since their propagators show a mass scale, in contrast to the ghosts [3] , they also are not mediating any long-range correlations. Hence, scalar matter behaves truly as essentially inert objects, with properties driven by the gauge dynamics.
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A Lattice setups
The various lattice setups are listed in table 1. The determination of the lattice spacings has been performed as in [42] . 10N + 100(d − 1) ) thermalization sweeps and 2(N + 10(d − 1)) decorrelation sweeps of mixed updates [26] have been performed, and auto-correlation times of local observables have been monitored to be at or below one sweep. The number of configurations were selected such as to have a reasonable small statistical error for the renormalization constants determined in section 3. The value m 0 denotes the value of the mass parameter in (2-3) to yield a tree-level mass of 1 GeV. The other tree-level masses are obtained by multiplying or dividing this number by 10, or setting it to zero for tree-level mass zero. 
